Abstract-The load-bearing capacity of concrete is highly influenced by the initial cement hydration process, especially in its very early age (0-48 h). Due to the rapid and intense chemical reactions between the cement and the water in the very early hydration process, it is still a challenge to monitor the cement hydration process in real time. In this paper, we investigated a stress wave-based active sensing method to monitor the cement hydration process using piezoceramic-based transducers, called smart aggregates. Using different types of the embedded piezoceramic patches, including d 33 and d 15 modes, smart aggregates can function as both the compressive and shear wave transmitters and receivers. In each mode of the smart aggregate, the active sensing approach that uses a pair of smart aggregates, one as a wave transmitter and the other one as a wave receiver, was employed. A comparative study was conducted to investigate the performance of monitoring the very early age cement hydration process by using compressive wave (P-wave) and shear wave (S-wave). A frequency domain analysis of the received signal was performed during the very early age cement hydration process. Experimental results reveal the differences of the received signal strength, valid monitoring period, and the effective frequency range by using both P-wave and S-wave.
I. INTRODUCTION
T HE carrying capacity of a concrete structure is highly influenced by its early age hydration process, especially in its very early age (0-20 hours), when the concrete is under intensive reaction. Monitoring the very early age cement hydration process is of great importance.
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sensor [4] , [5] . Electromechanical impedance (EMI) technique has been applied to concrete damage detection and parameter identification over the last two decades [6] - [8] . McCarter [9] developed the EMI technique into cement hydration monitoring with Portland cement paste and demonstrated the feasibility of the proposed method. Yang et al. [10] designed a reusable device with Lead Zirconate Titanate (PZT) sensor and measured the admittance of the PZT with an impedance analyzer. With the help of measuring the change of PZT admittance, cement hydration characteristics within the first 48-hour after casting was monitored. Ground penetrating radar (GPR) technology has been shown to detect internal damage or properties of concrete structures [11] - [13] . Lai et al. utilized the GRP technology to characterize the frequency-dependent dielectric relaxation phenomena in ordinary Portland cement (OPC) hydration. By using the short-time Fourier transform (STFT), the concrete hydration process can be clearly monitored from the STFT spectrum. However, most of the GPR system operates in the high frequency range (GHz), and the system itself is bulky. It is very difficult to employ the GPR system in the practical application of real time and long term concrete hydration monitoring. In recent years, ultrasonic wave based measurement has been successfully employed to measure various concrete properties [14] - [17] . Zhang et al. [18] compared both the change of electrical resistivity and longitude ultrasonic wave (P wave) speed during the first seven days of cement hydration and identified four stages of the cement hydration condition. Gu et al. [19] developed an active-sensing approach using several single high frequencies (60kHz to 150kHz) of harmonic P-wave to study the cement strength with the measured wave amplitude during cement hydration from day 1 to day 28. Consequently, Kong et al. [20] deployed smart aggregates to the concrete structures and used a swept sine wave (50kHz to 110kHz) to study the very early age (0-17h) cement hydration characteristics. Three stages in the cement hydration process, including fluid stage, transition stage and hardened stage, were identified by the power spectrum plots of the received signal. Ni et al. [21] conducted an experimental study to measure the elastic properties of the cement specimen based on the propagation of highly nonlinear solitary waves (HNSWs). The results was then compared with the compressive strength and 1558-1748 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the elastic modulus measurements obtained from destructive tests. Further, a numerical simulation was performed to verify the experimental results. However, most of the ultrasonic wave based cement hydration monitoring is contributed by taking advantage of the longitude wave (P wave). Zhu et al. [22] measured the velocities of both the P-wave and S-wave during the first 6-hour of cement paste, mortar and concrete and verified the feasibility of using S wave for cement hydration monitoring.
In this paper, the authors conducted a comparative study on monitoring the very early age (0-38 h) cement hydration characteristics by using both the P-wave and the S-wave. A wide frequency range (100 Hz to 150 kHz) was investigated in the experiments. Two pairs of smart aggregates with compressive and shear modes were installed at the pre-determined locations in a concrete mold before casting. Based on the active sensing approach, one smart aggregate from each pair generated repeating swept sine wave and the other one detected the wave response. During the cement hydration process, wave impedance of the cement changes. The evolution of the received signal in frequency domain was analyzed. Comparative studies between P-wave and S-wave based monitoring in the cement hydration process were conducted.
II. COMPRESSIVE AND SHEAR MODES
OF SMART AGGREGATES Since the PZT patch is brittle and may be easily damaged by the internal stress during initial cement hydration, a smart aggregate (SA) is designed by sandwiching a water-proofed PZT patch with lead wires between two mating marble blocks, as shown in Fig 1. The shielded transmission cables were used to immune the SAs from the external electromagnetic interference. Based on the different operation modes of PZT patches, including d 33 and d 15 modes, two types of smart aggregates: compression mode smart aggregate (CMSA) and shear mode smart aggregate (SMSA), were fabricated and investigated in this research. For the compression mode smart aggregate, the compression wave can be produced perpendicular to the plane of the PZT patch. For shear mode smart aggregate, the shear wave can be produced parallel to the plane of the PZT patch. The dimensions of both the compression mode and shear mode PZT patches are 1cm × 1cm × 0.1cm and the dimensions of the SA are 2.5cm × 2.5cm × 2.5cm. Since marble exhibits a high degree of chemical inertness and a high compression resistance, the functionality of SAs are protected even when a concrete structure is damaged subject to unexpected load or environmental forces. The dimensions are similar to normal aggregate in concrete proportion and should not affect the compression strength nor other designed capacities of the concrete structure. Monitoring concrete structures using compression mode smart aggregate has been researched for many years [23] - [25] , and previous research show that the structural impact of SAs in concrete structure can be neglected.
III. ACTIVE-SENSING APPROACH USING SAs
Due to the piezoelectric property of the embedded PZT patch, each SA can be utilized as an actuator or a sensor. To enable the active sensing approach, SAs are embedded in the test specimen at the pre-determined locations. In the active sensing approach, when an electrical wave are applied to the actuator, the actuator generates stress wave corresponding to the poling direction of the PZT patch. The stress wave propagates through the structure and eventually be detected by the other embedded smart aggregate (sensor). The characteristics of the stress wave propagation is highly depended on the medium properties.
In this research, the pair of CMSA and the pair of SMSA were operated at separately times. When CMSAs were communicating, the SMSA were inactive, and vice versa. The authors tried to minimize the influence of cross talk between the shear and compression waves. In addition, the orientation of the SAs was pre-selected to ensure the shear wave and compression wave can be only detected by the SMSA and CMSA, respectively.
IV. EXPERIMENTAL SETUP
As shown in Fig 2, four SAs were placed at the predetermined location before the casting of the concrete specimen. Two marked in red are the compression mode SAs, while the other two marked in yellow are the shear mode SAs. The orientations of the SAs are shown in Fig 3. Each pair of the SAs was 7.6cm away from the end of the specimen and 3.8cm from the bottom. Fig 4 shows the photos of the two pairs of smart aggregates that were pre-installed in a concrete mold.
In each pair of the SAs, one SA was used as an actuator to generate a repeating swept sine wave. The other SA in each pair was used as the sensor to detect the signal response from the actuator. The amplitude, frequency range, period of the swept sine wave were 10V, 100Hz to 150kHz, and 1s, respectively. During the test, the signal was measured when the cement was poured in the concrete mold. In the first 3 hours, due to the intense chemical reaction, the interval of the data measurement is 5 minutes. After the first 3 hours, the interval of the data measurement is 1 hour.
The detailed information of concrete proportion of the specimen is shown in Table 1 . The sizes of the maximum coarse aggregate and fine aggregate are 7mm and 4.5mm, respectively. Chemical admixtures were not used in this research. Shortly after casting, compaction was performed by lightly tapping a rubber mallet at the exterior of the mold.
V. EXPERIMENTAL RESULTS

A. Results of SMSAs (S-Wave)
Since the wave propagating properties of the S and P waves are highly dependent on the cement hydration condition, the cement hydration process can be effectively evaluated by analyzing or tracking the change of the received signal in frequency domain. During the entire cement hydration monitoring from 0 to 37 hours, the power spectrum density plots of the SMSA sensor signal are presented in Fig 5 . From the zeroth to eighth hour, as shown in Fig 5 (a) , the magnitude of the sensor signal dramatically increased, especially in the low frequency range. The dotted (orange) curves represent the detected signal in the first hour after the casting. Since the cement within the first hour was mostly in a liquid stage, the stress wave transition energy between the actuator and sensor was subjected to high attenuation. Therefore, the magnitude of the sensor signal was relative low. As the cement hydration progressed, the cement was continuously hardened, which enhanced the energy transition from the actuator to the sensor. Consequently, the magnitude of the sensor signal smoothly increased, as shown in dashed (green), solid (red) and dash-dotted (blue) lines, respectively. After about 8 hours, the concrete was close to hardened stage and the magnitude of the sensor signal reached the maximum. Throughout the entire frequency range from 100 Hz to 150 kHz, a 20 dB increase of the magnitude can be observed from the zeroth hour to the eighth hour.
After eight hours, the magnitude remained in the high level in low frequency range (0-10 kHz). On the contrary, the magnitude in high frequency range shows a decreasing trend and eventually dropped about 20 dB, as shown in Fig 5 (b) .
B. Results of CMSAs (P-Wave)
Fig 6 shows the power spectrum density plots of the signal using CMSAs. At the very beginning of the test (0-1h), a rapid increase in the transmitted power was observed between the first measurement (after casting) and the second measurements (15 mins). Afterwards, within the first five hours, the power of the received signal maintained in the same level, as shown in Fig 6 (a) . Consequently, a resonance frequency peak can be observed at around 70 kHz when the cement hydration approached to the fifth hour. As the cement hydration progressed, the power of the resonance peak increased, while the magnitudes of the signal in low frequency range still remained, as shown in Fig 6 (b) . After sixteen hours, the power of the receive signal remained in the same level, which implied that the cement hydration moved into the hardened stage.
VI. DISCUSSION OF SMSA BASED AND CMSA BASED CEMENT HYDRATION MONITORING It can been seen from the experimental results that both P-wave and S-wave propagation were influenced by the cement hydration process in its very early age. Shortly after the initial cement setting up (0-1h), both the P-wave and S-wave can be clearly detected by the corresponding SAs. During the first eight hours of the cement hydration process, the magnitude of the received S-wave (−90dB to −72dB) was higher than that of the received P-wave (−115dB to −102dB). The results agree with earlier work presented by Zhu et al. who found out that the amplitude of the shear wave is much higher than P-wave after two hours from the cement was initially set up [22] . When the cement proceeded to the hardened stage, the amplitude of the received P-wave rapidly increased (around 8h). This increase also agreed with the previous work of using P-wave in monitoring the very early age cement hydration presented by Sayers and Dahlin [26] and Chotard et al. [27] . After the cement was hardened, the magnitude of the P wave slowly but steadily increased as the hydration progressed. Experimental results show that both P-wave and S-wave can be used to monitoring the very early age cement hydration process, but the S-wave was stronger during the initial fresh cement paste (0-8h) while P-wave was stronger in the hardened cement (after 8h). In addition, the investigated frequency range in this research was from 100Hz to 150kHz. Experimental results show that the P-wave was more sensitive in the relative high frequency range (50kHz-100kHz) for monitoring the cement hydration process, while the S-wave was sensitive in the relatively low frequency range (1kHz-10kHz). It should be noted that the results of the effective frequency range is limited only to our investigated frequency range.
Compared to current existing wave based methods for cement hydration monitoring, including S-wave velocity [22] , P-wave velocity [26] , and GPR technology [11] , [13] , a common conclusion can be drawn that the wave propagation energy increases during the early cement hydration process. One advantage of our proposed method is that the low-cost CMSA and SMSA can be easily and safely embedded into concrete structures before casting for real time and long term monitoring. Compared to other previous work using externally mounted ultrasonic transducers, the embedded SAs can monitor in real time the internal cement hydration process of critical locations in large-scale concrete structures in harsh environments. Admittedly, since the wave propagation highly depends on the concrete proportion and water-cement ratio, quantitative identification of the cement hydration status is still presently a challenge by using both P-wave and S-wave transducers. Integration of the results from both transducers in monitoring of cement hydration will be a subsequent step in this research. In addition, the SA's interfaces among concrete, marble, epoxy, and PZT patch do affect the ultrasonic wave propagation, and consideration of the effects of the interfaces will improve the results. While the study in this paper primarily used frequency domain analysis, the use of other types of analyses may uncover different aspects of the results and can be considered as future work.
VII. CONCLUSIONS
In this paper, the authors compared the performance of both P-wave and S-wave based monitoring of the very early age cement hydration process by using embedded CMSAs and SMSAs. Experimental results show that both the P-wave and S-wave can be used to monitor the very early age cement hydration process, but S-wave is more sensitive in monitoring the initial fresh cement paste (0-8th hour) while the P-wave is more suited in monitoring the hardened cement (after the 8 th hour). During the initial setting time in the cement hydration process, the P-wave propagation attenuates more than the S-wave in the cement paste. However, when the cement progressed to the hardened stage, the amplitude of the received P-wave rapidly increased while that of the S-wave remained constant. In addition, within the investigated frequency range in this research (100 Hz -150 kHz), the effective detecting frequency ranges of the P-wave and S-wave were in a relatively low frequency range (1 kHz-10 kHz) and a relatively high frequency range (50 kHz-100 kHz). Since the wave propagation highly depends on the concrete proportion and water-cement ratio, quantitative identification of the cement hydration status is still presently a challenge by using both P-wave and S-wave transducers and will be considered as the authors' future work. Future work will also include consideration of effects of interfaces within the SAs and the integration of results from both P-wave and S-wave transducers in the cement hydration monitoring.
